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Abstract 
To investigate the grain refinement and its mechanism in shear spinning, microstructures of shear 
spun parts made by aluminium alloy under different deformation conditions, induced by different 
shear spinning deviation ratios, are studied. The results show that, after shear spinning, the 
microstructure is distributed symmetrically about a zone in sheet thickness defined as the neutral 
zone which is located between the inner surface and the middle plane of spun sheet thickness. 
Various deviation ratios in shear spinning can lead to grain refinement in different regions along 
thickness direction of the spun part. The microstructure characteristics indicate that the mechanism 
of grain refinement is due to the formation of deformation bands (DBs). It is observed that in DBs, 
parallel geometrically necessary boundaries (GNBs) formed by a zero deviation ratio and crossed 
GNBs formed by positive and negative deviation ratios are due to the different stress states induced 
by various deviation ratios in shear spinning. Due to the influence of grain refinement, micro 
hardness increases with the decreasing of the deviation ratio. The average value is increased by 
16.04% under a negative deviation ratio compared to the initial micro hardness of the sheet. 
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Abstract 
To investigate the grain refinement and its mechanism in shear spinning, microstructures 
of shear spun parts made by aluminium alloy under different deformation conditions, induced by 
different shear spinning deviation ratios, are studied. The results show that, after shear spinning, 
the microstructure is distributed symmetrically about a zone in sheet thickness defined as the 
neutral zone which is located between the inner surface and the middle plane of spun sheet 
thickness. Various deviation ratios in shear spinning can lead to grain refinement in different 
regions along thickness direction of the spun part. The microstructure characteristics indicate that 
the mechanism of grain refinement is due to the formation of deformation bands (DBs). It is 
observed that in DBs, parallel geometrically necessary boundaries (GNBs) formed by a zero 
deviation ratio and crossed GNBs formed by positive and negative deviation ratios are due to the 
different stress states induced by various deviation ratios in shear spinning. Due to the influence of 
grain refinement, micro hardness increases with the decreasing of the deviation ratio. The average 
value is increased by 16.04% under a negative deviation ratio compared to the initial micro 
  
hardness of the sheet. 
Keywords: Grain refinement; Shear spinning; Deformation bands; Deviation ratio; Aluminium 
alloy. 
1. Introduction  
Shear spinning is one of the metal spinning processes that transform flat sheet metal blanks 
into hollow shapes, usually with axisymmetric profiles, by inducing continuous and localized 
plastic deformation of the material [1]. In shear spinning, the wall thickness of spun part is 
reduced from the initial thickness of metal blank and it may be defined by the Sine law, which 
calculating the final thickness by using the initial thickness and the angle between inclined wall of 
the component and the axis of rotation. However the final thickness distribution of spun part is 
influenced considerably by the deviation ratio, defined as the gap between mandrel and roller, 
which may result in a deviation of the actual final thickness from the value determined by the Sine 
law. In shear spinning, various values of deviation ratios can be applied, such as positive, zero and 
negative deviation ratios, these are also known as under-spinning, true shear spinning and 
over-spinning respectively [2].  
Due to the inherent advantages of the spinning process such as low forming forces, simple 
and non-dedicated tooling, high material utilization, low production costs and improved 
mechanical properties, shear spinning process has been increasingly utilized in various industries 
requiring thin sectioned lightweight parts, such as aviation, aerospace, weapon and automotive 
industries [1, 3]. 3A21 aluminium alloy is one of the most commonly used alloys for advanced 
applications because of its versatile properties, economical benefit and no need for-heat-treatment 
advantages. However, low strength of spun components made of pure aluminium in 3A21 
  
aluminium alloy limits its industrial applications [4]. Therefore, it is necessary to investigate 
processing methods which can improve the strength of spun parts made of 3A21 aluminium alloy. 
Grain refinement is an effective method to improve the material properties. Investigation 
on grain refinement by spinning processes has been reported in recent years. Zhan et al. [5] 
investigated the microstructure evolution of the hot-spun parts of TA15 alloy under different 
forming temperatures and spinning deviation ratios. The results showed that the grain size under a 
zero deviation ratio was smaller than that under a positive deviation ratio, and a more uniform fibre 
microstructure was produced compared to that produced under a negative deviation ratio. Xu et al. 
[6] reported that in hot flow forming, the microstructure of TA15 alloy was gradually transformed 
into fine fibres, and the microstructure was refined gradually with the increasing of wall thickness 
reduction. Chen et al. [7] also studied the microstructure evolution of TA15 titanium alloy during 
hot flow forming. They found when the reduction ratio of wall thickness grew close to or over 
40%, the tensile strength of spun parts was increased and elongation was decreased more rapidly 
owing to the obvious refinement of microstructure. Xia et al. [8] combined spinning processes 
together with heat treatment procedures to manufacture tubes with nano/ultrafine grain structures 
by stagger spinning. Their results showed that the ferritic grains with an average initial size of 
ȝP could be refined to 500 nm after stagger spinning at the thinning ratio of 87% while the 
tensile strength was increased from 465 MPa to 820 MPa. Radoviü et al. [9] studied the 
deformation behaviour and microstructure of AlMg6Mn alloy during hot shearing spinning. 
Optimal combination of strength and elongation was observed due to grain refinement and 
dislocation reactions with particles and atoms of Mg and Mn in solid solution. These studies suggest 
that shear spinning is a feasible method to improve the material strength of spun components 
  
made of 3A21 aluminium alloy through grain refinement under larger deformation. However these 
reported studies mainly focused on the characteristics of microstructure and its effect on 
mechanical properties of spun parts after shear spinning or flow forming. However, the 
mechanism of grain refinement during spinning has not been investigated. 
It has been shown that there are different mechanisms of grain refinement in forming 
processes. Continuous dynamic recrystallization has been recognised as one of the main reasons 
for fine grain formation during cold or warm working [10-12]. Grains were fragmented by the 
development of deformation-induced small angled dislocation boundaries, and this was followed 
by a gradual increase in their misorientation, finally led to their transformation into usual grain 
boundaries [13]. Li et al. [14] reported that the grains were refined by discontinuous 
recrystallization by studying the microstructure of Inconel 625 superalloy in hot compression tests. 
Zhu and Lowe [15] investigated mechanisms of grain refinement during equal channel angular 
pressing (ECAP) process. They found that the interaction of shear plane with texture and crystal 
structure played a primary role in grain refinement, while the accumulative strain played a 
secondary role. Miura et al. [16] reported that the mechanical twinning contributed notably to 
grain refinement at small strains while continuous dynamic recrystallization took place at medium 
to high strains, however, kinking contributed to grain fragmentation at all strains. Sitdikov et al. 
[17] found that the microstructural changes in hot multidirectional compression of 7475 
aluminium alloy were characterized by grain fragmentation due to frequent development of 
microshear bands in various directions, followed by an increase in their numbers and 
misorientations and finally the evolution of new grains at high strains. Chrominski et al. [18] 
believed the activation of different slip systems and the lack of redundant strain result in grain size 
  
refinement and high angle boundaries formation in incremental EACP process of aluminium. Zhao 
et al. [19] investigated the microstructure evolution of pure hafnium when subjected to cold 
rolling. They believed that the grain refinement was realized via formation and subdivision of 
microbands and thin laths structures in original coarse grains. Liu and Hansen [20] found that the 
grains were subdivided into four macroscopic bands, termed as deformation bands (DBs), which 
were parallel to the rolling plane. Between the four bands, there were three transition bands in 
which the orientation changed continuously from that of DB to that of the adjoining band. Lee and 
Duggan [21] studied the microstructure of copper-type material in rolling and found that DB was 
an important deformation mode in fcc metals and alloys. Huang et al. [22] proposed that the 
evolution of the continuous dynamic recrystallization during multiaxial forging could be 
summarized as such a process that DBs crossing each other subdivided an austenite grain into 
several subgrains, and these subgrains were gradually angled to form new independent grains with 
their boundaries being transformed into big angled boundaries in subsequent deformation. In 
spinning, Xia et al. [8] found that the microstructure evolution of ASTM 1020 steel during stagger 
spinning could be regarded as the grain subdivision. Dislocations were increased gradually inside 
grains to form cellular structures which were caused by severe plastic deformation. Then these 
cellular structures were transformed into subgrains under further plastic deformation. Finally, new 
grains with high-angle grain boundaries were generated. According to the above reported studies, 
it can be concluded that the mechanism of microstructure evolution is closely related to initial 
grains, material type, forming processes and forming conditions. At present, there are few reported 
studies on the mechanism of grain refinement of aluminium alloys in shear spinning at room 
temperature. It is necessary to study the mechanism of grain refinement to improve the mechanical 
  
properties of spun parts of aluminium alloy.  
To investigate grain refinement and its mechanism of 3A21-O aluminium alloy in shear 
spinning, the characteristics of microstructure of spun components under different deviation ratios 
are investigated in this study. Then the mechanism of grain refinement during shear spinning is 
further examined and the effects of grain refinement on micro hardness are evaluated. 
2. Experimental investigation 
The material used in this study is a rolled sheet blank of 3A21-O aluminium alloy with a 
nominal thickness of 6 mm. The chemical composition of the alloy is given in Table 1. 
Table 1 Chemical composition of 3A21 aluminium alloy (mass fraction, %) 
Si Fe Cu Mn Mg Zn Ti Al 
0.6 0.7 0.2 1.3 0.05 0.10 0.15 Bal. 
Experiments of shear spinning are carried out on a CZ900/CNC spin forming machine. Fig. 
1 illustrates main components involved and key process parameters used in shear spinning 
experiments, as listed in Table 2. The dimensions of mandrel and spinning rollers are shown in Fig. 
2. Negative, zero and positive deviation ratios are designed to produce the spun parts to examine 
the effect of the deviation ratio on microstructure refinement of 3A21-O aluminium alloy. In this 
study, three values of the gaps between mandrel and rollers are used, which are 3.86mm, 3mm and 
2.33mm, respectively. Based on the definition given early, the deviation ratio can be determined 
by Eq. (1): 
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where, 1t  is the gap between mandrel and roller giving the final wall thickness of spun part; ft  
is the theoretical thickness according to the Sine Law, which can be expressed as: 
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where, 0t  is the initial thickness of aluminium alloy sheet blank; D  is the half angle of mandrel. 
Thus, when the half angle of mandrel D
 
is 30 , the deviation ratios F
 
are 28.66%, 0 and 
-22.33%, corresponding to the three values of the gap used in this study. 
 
Fig. 1 Illustration of shear spinning 
       
Fig. 2 Dimension of (a) mandrel and (b) rollers (unit: mm) 
Table 2 Main process parameters of shear spinning 
Forming parameters Values 
Diameter of performed blank (mm) 290 
Roller feed rate (mm/r) 1 
Mandrel rotational speed (r/min) 100 
The microstructure of aluminium alloy sheet and spun parts are analysed by optical 
microscope and electron backscatter diffraction (EBSD) technique in R-N plane (Rolling direction 
- Normal direction) because the main deformation of the sheet blank during shear spinning can be 
observed in this plane, as illustrated in Fig. 3. Metallographic samples are prepared using 
(b) 
(a) 
  
electrolytic polishing in perchloric acid first, then anodic film technique is adopted for samples in 
solution consisting of 5.5g H3BO3 + 15ml HF + 100ml distilled water, to prevent deformation and 
scratches to occur in 3A21-O aluminium alloy. Measurements of micro hardness are conducted in 
R-N plane (Fig. 4) at a load of 200g in a HX-1000TM/LCD machine. The experiment error for the 
micro hardness measurement is symbolized as the standard deviation (SD) and relative standard 
deviation (RSD) which can be expressed as: 
2
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where, ix is the value of the micro hardness; x is an average value of a certain position in 
thickness direction; the symbol n is nine because micro hardness is measured three times along 
rolling direction in three samples under the same deviation ratio. And in each sample, micro 
hardness is measured at an interval of 200ȝP along thickness direction, as shown in Fig. 4. 
     
Fig. 3 Illustrations of sampling location in: (a) Initial blank in a rolling plate and (b) Spun part 
 
(b) (a) 
  
Fig. 4 Positions of the micro hardness measurement 
3. Results and discussion 
3.1 Initial microstructure  
The initial microstructure of the 3A21-O sheet is obtained by optical microscope, as shown 
in Fig. 5. It can be seen that after hot rolling process, microstructure is uniform along the thickness 
direction. Grains in R-N plane are compressed in the normal direction (thickness direction) and 
elongated in the rolling direction both in near-surface and middle of the thickness section (Figs. 
5(a) and (b)). Fig. 5(c) shows an EBSD orientation image of original sample near surface in R-N 
plane. As can be seen from Fig. 5(c), grains after rolling have a certain orientation, mainly near 
<111> direction, which represents the rolling direction. 
  
 
Fig. 5 Initial microstructure: (a) Initial microstructure near surface, (b) Initial microstructure in 
middle of the thickness and (c) EBSD orientation image near surface 
(c) 
(a) (b) 
  
3.2 Characteristics of microstructure after shear spinning 
The optical microstructures of shear spun workpieces in R-N plane under different 
deviation ratios are obtained, as shown in Fig. 6. It can be seen that after shear spinning, initial 
grains are further flatten and elongated in R-N plane and grain orientations tend to be consistent 
with that of the initial grains (Fig. 5). Furthermore, with the decreasing of deviation ratio, grains 
gradually become thinner and longer while the grain boundaries become obscure.  
 
Fig. 6 Microstructure of spun parts obtained under different deviation ratios at =30D : (a) 
=28.66%F , (b) =0F
 
and (c) = - 22.33%F  
Considering that grains are elongated significantly along rolling direction, EBSD 
technique at low magnification is adopted to obtain the variation of grain size, as shown in Fig. 7. 
The black lines in these figures represent the angle boundaries that are greater than 15°. It can be 
seen that, after spinning, the major axes of some grains even exceed 600ȝP under positive and 
zero deviation conditions. With the deformation increasing, minor axes of grains are decreased 
and the amount of small grains is increased. After measurement, average grain diameters are 
decreased from 48.6ȝP of initial microstructure to 9.6ȝP, 9.2ȝP and 8.7ȝP under %=28.66F , 
=0F  and =-22 %.33F , respectively. Rapid decrease of grain size is mainly due to the number of 
refined grains generated after shear spinning. Average radius ratios of coarse lath-shaped grains in 
(a) (b) (c) 
  
EBSD images are increased from 12.60 of initial microstructure to 22.08 and 32.08 under 
%=28.66F  and =0F , respectively. Then the average radius ratio is decreased to 19.38 
under =-22 %.33F , which can be attribute to the grain refined more under negative deviation ratio. 
Meanwhile, compared with the orientation of initial grains as shown in Fig. 5(c), there are some 
substructures in elongated grains. The distribution of misorientation angle under different deviation 
ratios is shown in Fig. 8. It can be seen that with the deformation increasing, low angle boundaries 
transform into high angle boundaries gradually and the percentage of high angle boundaries is 
increased from 17% to 28%, which indicates a greater degree of grain refinement. 
 
 
 
Fig. 7 EBSD images of 3A21-O alloy after shear spinning under (a) =28.66%F , (b) =0F  and (c) 
= - 22.33%F  
(c) 
(b) 
(a) 
  
 
Fig. 8 Distribution of misorientation angle under different deviation ratios 
To observe the characteristics of microstructure clearly in R-N plane of spun part, the 
microstructure under higher magnification is obtained at =30D  and =-22.33%F , as shown in 
Fig. 9. It can be seen that the microstructure is unevenly distributed along the thickness direction. 
There is an area near the middle plane of sheet thickness, which is slightly shifted towards to the 
inner surface (the surface contacting with mandrel); an interesting observation is that the 
microstructure is distributed symmetrically about this area, as shown in Fig. 9. The area is defined 
as the neutral zone in this study, and the width of the neutral zone is approximately 150ȝP. This 
phenomenon indicates that the degree of material deformation gradually decreases from sheet 
outer surface (the surface contacting with rollers) to inner surface. The deformation occurred in 
inner surface due to the friction between mandrel and blank is also important and should not be 
ignored in investigating grain refinement. Grains seem to be fragmented by many tiny strips, as 
clearly seen in Fig. 9. 
  
 
Fig. 9 Microstructure in the near middle section of sheet thickness obtained at =30D
 
and 
= - 22.33%F  
Fig. 10 shows the microstructure in neutral zone under various deviation ratios. It can be 
seen that grains have very little refinement in the neutral zone but fragmented in both sides of 
sheet surfaces under positive and zero deviation ratios, as shown in Figs. 10(a) and 10(b),  
respectively. However, under a negative deviation ratio, through-thickness refinement occurs (Figs. 
9 and 10(c)). These results indicate that grains can be refined differently when subjected to 
different degrees of deformation under different deviation ratios in shear spinning. The reasons for 
these observations are that under positive and zero deviation ratios, the speed of material flow 
gradually decreases from the outer surface to the inner surface of sheet due to the effect of rollers; 
on the other hand, friction between mandrel and blank could also lead to material flow at some 
degrees in inner surface. There is no doubt that the degree of deformation in the outer surface is 
greater than that in inner surface. However, the amount of deformation in inner surface is 
relatively small under positive and zero deviation ratios. Thus there is an undeformed zone or 
small deformation zone which deviates from the middle plane of the sheet thickness (Zone ĉ in 
  
Figs. 10(a) and (b)), the grains from the surfaces to the neutral zone are clearly refined. When 
under a negative deviation ratio, the material in middle section of the thickness can also flow 
because of large deformation and the friction between blank surfaces and mandrel as well as 
rollers. Thus the microstructure can be refined through the whole thickness of the spun sheet.  
  
 
Fig. 10 Microstructure in the neutral zone of sheet thickness obtained at =30D  under (a) 
=28.66%F , (b) =0F  and (c) = - 22.33%F  
Fig. 11 shows the microstructure near the neutral zone of sheet thickness obtained at 
=30D  under various deviation ratios. It illustrates that under a positive deviation ratio, grains are 
refined by the crossed strips with an angle near 135°; when the deviation ratio is zero, grains are 
fragmented by a number of parallel tiny strips with an angle of near 35° to rolling direction; while 
under a negative deviation ratio, angles of the crossed strips are near 90°. These are related to the 
mechanism of microstructure refinement and will be explained in the following section. 
(b) (a) 
(c) 
  
 
 
Fig. 11 Microstructure near the neutral zone of sheet thickness obtained at =30D  under (a) 
=28.66%F , (b) =0F  and (c) = - 22.33%F  
3.3 Mechanism of grain refinement in shear spinning 
To investigate the mechanism of grain refinement in shear spinning, EBSD technology at 
higher magnification is adopted to obtain the grain orientations of the microstructure in a localised 
area, as circled in Fig. 12(a) and shown in Fig. 12(b), under a zero deviation ratio. It can be seen 
that, the observation area is obviously made up by three colours of parallel bands, that is to say, 
there are three types of orientation in grains, <110>, <111> and <101>, respectively. There are 
narrow bands with small misorientations about the neighbouring bands, as shown by the narrow 
yellow regions in the EBSD orientation image (Fig. 12(b)). These parallel bands are changed from 
one to another, as shown in Fig. 12(b). In green bands, there are some black lines with an angle 
near 35° to rolling direction. The grain characteristics in this localised area are similar to features 
(a) 
(c) 
(b) 
  
of deformation bands (DBs), which subdivide grains, particularly coarse-grains, into regions of 
different orientations during deformation, which are often observed on a macroscopic scale in 
aluminium and its alloys [13, 23-26]. In Al-1% Mg alloy [13], such DBs were characteristic of 
several black and white bands in optical image. In AA1060 aluminum plate processed by snake 
rolling [25] and in Al-Si-Cu alloys after tensile testing [26], the similar DBs to those in this study, 
which were characteristic of many bands with different colors in EBSD orientation image, were 
also generated. Meanwhile, orientation differences between neighbouring DBs are accommodated 
in transition bands whose width is reduced to only one or two units but the large orientation 
change is retained [27]. The macroscopic subdivision of grains into DBs and transition bands 
superimposes on microscopic break-up into cell blocks, which are bounded by longer, aligned 
boundaries termed as geometrically necessary boundaries (GNBs), including dense dislocation 
walls (DDWs) and microbands (MBs) [13, 20]. It is reported that GNBs are aligned approximately 
with an angle of 25°~ 40° to the rolling direction. Generally, one or two sets of GNBs can be 
observed in DBs. These phenomena are similar to the characteristics of optical images and EBSD 
orientation images after shear spinning obtained in this study. These indicate that in shear spinning, 
the formation of DBs is the major mechanism of microstructure refinement. And in DBs, grains 
are micro subdivided by GNBs, namely some tiny strips observed in above optical images and 
substructures observed in EBSD images. As for the formation of DBs, one theory is that, different 
regions of a grain may experience different strains if the work done within the bands is less than 
that required for homogeneous deformation and if the bands can be arranged so that the net strain 
matches to the overall deformation [28]. Thus different regions of a deforming grain gradually 
rotating to different orientations lead to grain subdivision. This theory was examined by Lee et al. 
  
[29] in the model of rolling texture development. Their result showed theoretically that only two 
independent slip systems may suffice to accommodate the shape change when DBs occurs. 
Another theory is associated with the selection of operative slip system ambiguously. Imposed 
strains can be accommodated by more than one set of slip system and DBs are formed due to the 
slip systems rotations in different senses [28]. In shear spinning process, the formation of DBs is 
more likely to result from the sequences described in the first theory above because the complex 
stress state and initial coarse grain easily cause to different regions of a grain undergoing different 
strain in this process.  
 
          
Fig. 12 Microstructure of the workpiece obtained at =30D  and
 
=0F : (a) Optical microstructure 
and (b) EBSD orientation image in a localised area of (a) 
Complicated stress states under various deviation ratios in shear spinning result in the 
(b) 
(a) 
  
different patterns of DBs, such as DBs with parallel GNBs under a zero deviation ratio and DBs 
with crossed GNBs under positive and negative deviation ratios, as shown in Fig. 11.  
The mechanism of deformation in ideal shear spinning is pure shear stress state [30]. There 
are axial shear stress 0W  generated by the compressive stress of the rollers in deformation area 
and circumferential shear stress TW  generated by the transmission of torsional moment when the 
blank rotates with the mandrel, as shown in Fig. 13. In shear spinning, due to the initial coarse 
grains of 3A21 aluminium alloy and inhomogeneous stress, it is easy to subdivide a grain into 
different regions undergoing different strain, which results in the different orientations in the grain. 
With the increase of deformation, misorientations between areas are increased and then the high 
angle boundaries are formed, which leads to the formation of DBs. Meanwhile, in DBs, parallel 
GNBs with an angle of near 35° to the rolling direction are generated under the effect of the shear 
deformation. Under a further deformation, the non-uniform strain in the interior of DBs increasing 
the misorientation of GNBs may bring about the formation of secondary DBs even tertiary DBs 
[24] and a greater refinement. For example, the black lines in green bands shown in Fig. 12 
indicate that grain boundaries are generated along GNBs in DBs. Therefore, under a zero 
deviation ratio, grains are subdivided by DBs where the shear deformation is the main 
deformation mode. Wonsiewicz and Chin [31] have also been found the good agreement 
between a location-dependent shear strain and a macroscopic break-up of the grains.  
  
 
Fig. 13 Schematic description of the stress state in shear spinning 
When the thickness of the spun part deviates from the Sine Law, there is additional stress 
in deformation area. Under a positive deviation ratio, the gap between mandrel and roller, t1, 
exceeds the gap calculated by Sine Law, tf. According to the volume constant condition, the 
material in the deformed area is supplied with the material in the flange area. Thus, the inner 
diameter of flange area R decreases by R' , which results in additional circumferential 
compressive stress rV  and radial tensile stress TV  in flange area, as shown in Fig. 14(a). This 
implies that the material undergoes a combination of shear and tensile stress in deformation area 
under a positive deviation ratio. Since the complicated stress state under a positive deviation ratio, 
it is possible to form the two sets of GNBs in grains. Due to the effect of tensile stress, the angle 
of the GNBs is not 110°, the angle of GNBs crossed under zero deviation ratios, but larger than it. 
Therefore, the formation of DBs with crossed GNBs results in grain subdivision by a combination 
of shear and tensile deformation under a positive deviation ratio. When the deviation ratio is 
negative, however, the excessive material is squeezed into the flange area, which causes the inner 
diameter of flange area R increases by R' . Thus there are additional circumferential tensile 
stress rV  and radial compressive stress TV  in flange area, as shown in Fig. 14(b). Similarly, 
formation of DBs with crossed GNBs by a combination of shear and compressive stress in 
deformation area lead to grain fragmentation under a negative deviation ratio. And the angle 
  
between the crossed GNBs is decreased under the influence of compression deformation when the 
deviation ratio is negative. 
 
Fig. 14 Schematic of the stress state in flange area in shear spinning under (a) a positive 
deviation ratio and (b) a negative deviation ratio  
Therefore, grain refinement of 3A21-O aluminium alloy in shear spinning could be 
regarded as the grain subdivision by DBs. Firstly, different regions of a grain may experience 
different amounts of strain, and with an increased deformation, the misorientation between the two 
bands increases. Then the different patterns of DBs and transition bands are formed under 
complicated stress states. Finally, under a further plastic deformation, a relatively high cumulative 
misorientation between GNBs in the interior of DBs leads to the formation of secondary DBs even 
tertiary DBs, which may bring about a greater degree of macroscopic break-up of grains.  
3.4 Effects of grain refinement on micro hardness 
To investigate the effect of grain refinement on mechanical properties of shear spun parts, 
micro hardness is measured to examine the variations of mechanical properties. The initial average 
micro hardness of 3A21-O alloy sheet is about 62.5 HV. Average relative standard deviation is 
(a) 
(b) 
  
approximately 1.41% and the maximum relative standard deviation of the point near surface can 
reach to 4.81%. Micro hardness distributions and standard deviation of spun parts from inner 
surface to outer surface are obtained, as shown in Fig. 15.  
It can be seen that, after shear spinning, micro hardness is obviously improved compared 
to that of the initial blank, micro hardness values increase when the deviation ratio is decreased. 
The average improvements in micro hardness under various deviation ratios are shown in Table 3. 
It can be seen that under a negative deviation ratio, the average micro hardness is increased by 
16.04% from the initial value. However, micro hardness values fluctuate along thickness direction 
and the fluctuation is increased with the deviation ratios increasing. Under positive and zero 
deviation ratios, the values near surfaces seem to be smaller than the values near neutral zone. The 
reasons for these observations are that, the micro hardness of surfaces is influenced by grain 
refinement and work hardening on one hand. Meanwhile, severe deformation in surfaces leads to 
serious distortion of grains, therefore the stability of compression resistance is reduced, which 
result in a decreased micro hardness. Thus, when the deformation is relatively small, micro 
hardness near surfaces may be lower than that near neutral zone. On the other hand, the fluctuation 
of micro hardness near surface may be resulted from the experiment error. It is also observed that 
the micro hardness values of the neutral zone are lower than the values of the areas near the 
neutral zone under positive and zero deviation ratios. The reason is that, the thickness reduction is 
small in these cases, and the degree of deformation is so small in the neutral zone that grains have 
very little refinements in neutral zone, which results in smaller micro hardness of the neutral zone. 
Under a negative deviation ratio, the micro hardness value gradually increases from the inner 
surface to the outer surface, as shown in Fig. 15. This is due to large deformation along thickness 
  
direction resulting in uniform refinement of grains. This corresponds to the characteristics of grain 
refinement under this condition as explained above.  
 
Fig. 15 Micro hardness of workpiece under different deviation ratios obtained at =30D  
Table 3 Improvement of micro hardness under various deviation conditions 
Deviation ratios =28.66%F  =0F  =-22.33%F  
Average improvement (%) 3.95 10.13 16.04 
4. Conclusions  
The microstructure of 3A21-O aluminium alloy in shear spinning under various deviation 
ratios is studied and the grain refinement mechanism is analysed. The main conclusions are as 
follows: 
 (1) After shear spinning, significant grain refinement can be found under various 
deviation ratios. However, the distributions of grain refinement along the thickness direction are 
different. Under positive and zero deviation ratios, grains in the neutral zone are little refined; 
while a through-thickness refinement can be achieved under a negative deviation ratio. 
 (2) The mechanism of grain refinement in shear spinning of 3A21 aluminium is due to the 
  
formation of deformation bands (DBs). These DBs are generated by the formation of the high 
angle boundaries, which are resulting from the increase in misorientations among the different 
regions of a grain due to the initial coarse grain and inhomogeneous deformation. In addition, in 
these DBs, there are parallel geometrically necessary boundaries (GNBs) formed by a zero 
deviation ratio and crossed GNBs formed by positive and negative deviation ratios due to the 
different stress states induced by various deviation ratios.  
(3) The non-uniform grain refinement leads to different improvements in micro hardness 
along thickness direction after shear spinning. The average value of micro hardness is increased 
with the deviation ratio decreased. Under a negative deviation ratio, the average value of micro 
hardness can be increased by about 16% compared with the initial value. 
Acknowledgements 
The authors would like to acknowledge the support from the National Science Fund for 
Excellent Young Scholars of China (Project 51222509), the National Natural Science Foundation of 
China (Project 51175429), and the Research Fund of the State Key Laboratory of Solidification 
Processing (Projects 97-QZ-2014 and 90-QP-2013). The authors also acknowledge the partial 
support of the EU FP7 Marie Curie International Research Staff Exchange Scheme (IRSES, 
MatProFuture, project no: 318968). 
References 
[1] Wong CC, Dean TA, Lin J. A review of spinning, shear forming and flow forming processes. 
Int J Mach Tool Manu 2003; 43:1419-35. 
[2] Music O, Allwood JM, Kawai K. A review of the mechanics of metal spinning. J Mater Process 
Technol 2010; 210:3-23. 
  
[3] Xia QX, Xiao GF, Long H, Cheng XQ, Sheng XF. A review of process advancement of novel 
metal spinning. Int J Mach Tool Manu 2014; 85:100-21.  
[4] Metals Handbook, ASM. 2001. 
[5] Zhan M, Wang QL, Han D, Yang H, Geometric precision and microstructure evolution of TA15 
alloy by hot shear spinning. Trans Nonferrous Met Soc China 2013; 23:1617-27. 
[6] Xu WC, Wen C, Shan DB, Wang ZL, Yang GP, Lu Y, et al. Effect of spinning deformation on 
microstructure evolution and mechanical property of TA15 titanium alloy. Trans Nonferrous Met 
Soc China 2007; 17:1205-11. 
[7] Chen Y, Xu WC, Shan DB, Guo B, Microstructure evolution of TA15 titanium alloy during hot 
power spinning. Trans Nonferrous Met Soc China 2011; 21:991-1000. 
[8] Xia QX, Xiao GF, Long H, Cheng X, Yang BJ. A study of manufacturing tubes with 
nano/ultrafine grain structure by stagger spinning. Mater Des 2014; 59:516-23. 
[9] Radoviü L, NLNDþHYLü M, JRUGRYLü B, Deformation behaviour and microstructure evolution of 
AlMg6Mn alloy during shear spinning. Trans Nonferrous Met Soc China 2012; 22:991-1000. 
[10] Saka T, Belyakov A, Kaibyshev R, Miura H, Jonas JJ. Dynamic and post-dynamic 
recrystallization under hot, cold and severe plastic deformation conditions. Prog Mater Sci 2014; 
60:13-207. 
[11] Mattia B, Hayhurst DR, McMeeking RM. Continuous dynamic recrystallization during serve 
deformation. Mech Mater 2015; 90:148-56. 
[12] Jägera A, GärtnerováV, Mukai T. Micromechanisms of grain refinement during extrusion of 
Mg-0.3 at.% Al at low homologous temperature. Mater Charact 2014; 93:102-9. 
[13] Humphreys FJ, Hatherly M. Recrystallization and related annealing phenomena. 2nd ed. 
  
Oxford: Elsevier, 2004. 11- 60. 
[14] Li DF, Guo QM, Guo SL, Peng HJ, Wu ZG. The microstructure evolution and nucleation 
mechanisms of dynamic recrystallization in hot-deformed Inconel 625 superalloy. Mater Des 2011; 
32:696-705.  
[15] Zhu YT, Lowe TC, Observations and issues on mechanisms of grain refinement during ECAP 
process. Mater Sci Eng A 2000; 291:46-53. 
[16] Miura H, Ito M, Yang X, Jonas JJ, Mechanisms of grain refinement in Mg-6Al-1Zn alloy 
during hot deformation. Mater Sci Eng A 2012; 538:63-8. 
[17] Sitdikov O, Sakai T, Goloborodko A, Miura H, Grain fragmentation in a coarse-grained 7475 
Al alloy during hot deformation. Scripta Mater 2004; 51:175-9. 
[18] Chrominski W, Olejnik L, Rosochowski A, Lewandowska M, Grain refinement in 
technically pure aluminium plates using incremental ECAP processing. Mater Sci Eng A 2015; 636: 
172-80. 
[19] Zhao H, Ni S, Song M, Xiong X, Liang XP, Li HZ, Grain refinement via formation and 
subdivision of microbands and thin laths structures in cold-rolled hafnium. Mater Sci Eng A 2015; 
645:328-32. 
[20] Liu Q, Hansen N, Macroscopic and microscopic subdivision of a cold-rolled aluminium 
single crystal of cubic orientation. Proc R Soc Lond A 1998; 454:2555-92. 
[21] Lee CS, Duggan BJ. Deformation banding and copper-type rolling textures. Acta Metall 
Mater 1993; 41:2691-9. 
[22] Hang J, Zhou X, Evolution mechanism of grain refinement based on dynamic 
recrystallization in multiaxially forged austenite. Mater Lett 2006; 60:1854-8. 
  
[23] Hansen N, Jensen DJ, Development of microstructure in FCC metal during cold work. Phil. 
Trans R Soc Lond A 1999; 357:1447-69. 
[24] Wilsdorf DK, ³5HJXODU´GHIRUPDWLRQEDQGV'%VDQGWKH/('6K\SRWKHVLV.On the origin of 
recrystallzation textures in aluminium. Acta Mater.1999; 47:1697-712. 
[25] Li SY, Qin N, Liu J, Zhang XM. Microstructure, texture and mechanical properties of 
AA1060 aluminum plate processed by snake rolling. Mater Des 2016; 90:1010-7. 
[26] Borkar H, Seifeddine S, Jarfors Anders EW. In-situ EBSD study of deformation behavior of 
Al-Si-Cu alloys during tensile testing. Mater Des 2015; 84:36-47. 
[27] Hjelen J, Orsund R, Nes E. On the origin of recrystallzation textures in aluminium. Acta 
Metall Mater1991; 39:1377-404.  
[28] Chin GY. Texture in Research and Practice. Berlin: Springer, 1969. 263-4. 
[29] Lee CS, Duggan BJ, Smallman RE. A theory of deformation banding in cold rolling. Acta 
Metall Mater 1993; 41: 2265-70. 
[30] Kim C, Jung SY, Choi JC. A lower upper-bound solution for shear spinning of cones. Int J 
Mech Sci 2003; 45:1893-911. 
[31] Wonsiewicz BC, Chin GY. Inhomogeneity of plastic flow in constrained deformation. Metall 
Trans 1990; 1: 57-61. 
